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Part  II 


Principal  Investigator:  Gregory  A.  Voth 
Telephone  Number:  (801)581-7272 
QNR  Scientific  Officer:  P.  P.  Schmidt 

Program  Objective: 

Large  scale  computer  simulations  are  being  performed  to  study  heterogeneous  electron 
transfer  processes  and  related  phenomena  across  the  electrode/electrolyte  interface.  This  research 
introduces  microscopic  computer  simulation  methods  into  the  field  of  electrochemistry, 
impacting  such  important  technologies  as  advanced  power  sources,  sensors,  displays, 
corrosion  prevention,  and  electrochemical  synthesis.  A  specific  goal  is  to  explicitly  characterize 
the  interplay  of  the  solvent  reorganization  required  for  the  electron  transfer  event  near  an  electrode 
surface  with  chemically  reactive  (e.g.,  bond-breaking)  processes.  Novel  "first  principles" 
simulations  are  being  carried  out  with  Car-Parrinello  molecular  dynamics  techniques  to  treat  the 
electronic  structure  of  the  system  while  computing  the  nuclear  motions  of  the  solvent  molecules 
using  no  empirical  approximations.  Newly  developed  theoretical  methods  are  also  being 
implemented  in  the  simulations  which  employ  quantum  path  integral  approaches.  All  of  these 
methods  are  required  to  fully  characterize  highly  complex  condensed  matter  problems  such  as 
heterogeneous  electron  transfer. 

Significant  Results  during  the  Last  Year 

During  the  last  year,  there  have  been  three  significant  developments  in  this  research  program. 
The  first  was  the  formulation  and  application  of  a  computer  simulation  method  to  calculate  the  free 
energies  for  adiabatic  heterogeneous  electron  transfer  (ET)  across  the  water/metal  electrode 
interface  for  realistically  high  redox  ion  concentrations  in  which  the  electron  transfer  events  become 
correlated.  The  second  development  was  the  first  ab  initio  simulation  of  a  water/metal  interface.  In 
the  latter  it  was  found  that  the  electronic  states  of  the  electrode  significantly  mix  with  the  water 
molecules  and  are  transported  some  distance  from  the  electrode  surface  through  water  hydrogen 
bonds,  affecting  the  effective  coupling  between  an  electrode  and  an  aqueous  redox  species.  The 
third  development  is  the  formulation  of  a  theoretical  basis  to  describe  electrochemical  ET  reactions 
which  induce  chemically  reactive  (e.g.,  bond-breaking)  events  in  the  redox  species.  The  famous 
solvent  free  energy  curve  picture  of  Marcus  must  be  generalized  in  this  case  to  be  multidimensional 


free  energy  surface,  and  the  resulting  theory  is  now  being  implemented  within  the  context  of 
largescale  computer  simulations.  In  light  of  these  three  developments,  the  computational  modeling 
many  realistic  electrochemical  systems  is  now  at  hand. 

Summary  of  Plans  for  Next  Year's  Wnrk- 

In  the  next  year,  the  focus  will  be  primarily  on  two  problems:  (1)  ab  initio  molecular 
dynamics  simulations  of  the  electronic  states  of  the  water/metal  interface  for  Cu  and  Ag  electrodes, 
including  simulations  of  a  redox  ion  in  water  near  the  metal  electrode  surface  to  determine  the 
effective  electronic  exchange  and  the  role  of  the  perturbed  electronic  state  densities  on  that 
exchange,  and  (2)  the  computer  simulation  of  electron  transfer  processes  across  the 
electrode/electrolyte  interface  which  induce  chemical  reactions  (e.g.,  bond-breaking)  using  our  new 
theoretical  formalism.  The  focus  in  the  first  case  will  be  to  calculate  both  the  electrode  surface 
structure  and  the  interface  electronic  state  properties  using  first  principles  ("Car-Parrinello") 
computer  simulation  techniques,  and  to  determine  the  effects  of  these  properties  on  the  ET  rate 
constant.  These  simulations  explicitly  treat  the  electrons  of  both  the  electrode  and  the  water 
molecules  during  the  molecular  dynamics  simulation.  The  focus  in  the  second  case  will  be  to 
explicitly  characterize  both  the  thermodynamic  and  dynamical  nature  of  the  electrochemically 
induced  reactive  processes  of  redox  species  near  an  electrode. 

Graduate  Students  Working  on  the  Project 
(1)  Mr.  Brian  Gau 

Post-Doctorals  Working  on  the  Project 


(1)  Dr.  Alain  Mazzolo 


The  Computer  Simulation  of  Electrochemical 

Processes 

Gregory  A.  Voth 

University  of  Utah 


Objective:  To  develop  and  implement  largescale  computer  simulations  of 
heterogeneous  electron  transfer  processes  across  electrode/electrolyte 
interfaces  and  related  phenomena. 


Approach:  Novel  theoretical  approaches  are  required  to  carry  out  this 
research  program,  including  ab  initio  molecular  dynamics  methods  to  study 
the  electronic  properties  of  the  electrode/electrolyte  interface. 


Accomplishment:  The  first  molecular  dynamics  study  of  a  chemically 
reactive  process  (e.g.,  bond-breaking)  induced  by  electrochemical  electron 
transfer  has  been  carried  out  (cf.  figure  next  page  for  CH3CI  dissociation  at 
the  interface  with  a  Pt  electrode).  On  the  subsequent  page  is  shown  the 
theoretically  predicted  free  energy  surface  in  comparison  with  the  one 
obtained  through  explicit  computer  simulation.  The  surface  is  a  function  of 
both  the  Marcus  solvation  coordinate  and  the  C-Cl  bond  distance.  The 
predictions  of  theory  are  quantitatively  incorrect  for  the  solvent  reorganization 
contribution  to  the  barrier,  while  they  are  qualitatively  incorrect  for  the  free 
energy  curve  along  the  dissociative  C-Cl  bond  distance. 


Impact:  The  important  tool  of  computer  simulation  has  been  introduced  into 
the  field  of  electrochemistry  and  related  phenomena.  These  techniques  will 
impact  the  development  of  such  important  technologies  as  advanced 
batteries,  sensors,  displays,  corrosion  prevention,  and  electrochemical 
synthesis  and  processing. 
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